BDNF was initially identified as a brain-derived
BDNF exon III expression in neurons is selectively activated by calcium influx, but not by other stimuli such as those that lead to the elevation of cAMP, even though both types of stimuli lead to the activation of CREB. In addition, we find that the induction of BDNF exon III transcription in response to calcium influx is selectively found in neurons, but not in the neuroendocrine cell line PC12, although CREB is activated by calcium influx in both cell types. These findings led us to investigate whether transcription factors binding to the region 5Ј to the CRE-like sequence in BDNF promoter III might confer calcium and neural selectivity on the induction of BDNF exon III expression. We have conducted detailed mutagenesis of the region of BDNF promoter III 5Ј to the CRE-like sequence and find that the 5Ј element comprises a binding site for two distinct transcription factors. In this study, we characterize the most distal calcium-response element which we term CaRE1. We find that CaRE1 is required for membrane depolarizationmediated induction of a BDNF promoter III reporter gene in neurons in a calcium-and neural-selective manner. Using CaRE1 in a yeast one-hybrid screen, we have cloned a CaRE1-dependent transcription factor, CaRF, whose activity is regulated in a calcium-and neuronselective manner, suggesting that CaRF may confer calcium and neural selectivity upon BDNF promoter III. The identification of CaRF as a neuronal, calcium-regulated, transcriptional activator of BDNF exon III expression suggests that this transcription factor may play a key role in neuronal development and plasticity.
Results
The Induction of BDNF Exon III Expression RT-PCR analysis, we find that BDNF exon III expression (B) Real-time quantitative PCR was used to measure c-fos mRNA expression levels in unstimulated 6 DIV neurons or after 1, 3, or 6 is regulated in a calcium-and neuron-selective manner.
hr of membrane depolarization (gray) or elevation of cAMP (black).
In cultured rat cortical neurons, BDNF exon III mRNA c-fos levels were normalized for expression of GAPDH.
expression is induced over 100-fold by membrane depo- sibility that the element(s) 5Ј to the CRE-like sequence These data demonstrate that the induction of BDNF and the transcription factors that bind to these elements exon III transcription is restricted to a limited range of might confer calcium and neural selectivity upon the cell types and stimuli. Notably, although BDNF expresinduction of BDNF exon III transcription. sion is regulated in part by the transcription factor CREB, the range of stimuli that lead to induction of BDNF Figure 2E ). These data indicate that CaRE1-dependent (Tao et al., 1998) .
transcription is activated in a calcium-and neuronTo define calcium-response elements within this reselective manner. gion, we made two base pair substitutions of the DNA sequence that lies between nucleotides Ϫ77 and Ϫ60
CaRF Is a CaRE1 Binding Protein in BDNF promoter III. Mutations were introduced by PCR To determine if there are neuronal nuclear proteins that into the pIII(170)Luc BDNF promoter reporter plasmid, bind CaRE1 and thereby mediate the calcium-responwhich contains 170 bp of BDNF exon III 5Ј flanking sesive induction of BDNF transcription through this elequence and exon III fused to the coding region of the ment, we performed electrophoretic mobility shift firefly luciferase gene. When transiently transfected into assays (EMSAs) with a radiolabeled 25 bp fragment of cortical neurons, membrane depolarization strongly en-DNA corresponding to the BDNF promoter region conhanced the expression of luciferase from plasmids containing the CaRE1 element. When nuclear extract from taining the wild-type sequence (Figure 2A ). Most muta-E18 rat brain cortex was incubated with the DNA probe, tions between nucleotides Ϫ73 and Ϫ64 significantly one major complex was identified ( Figure 3A ). An equivareduced the magnitude of luciferase induction relative lent shift was seen from nuclear extracts prepared from to wild-type levels, while mutations between nucleotides unstimulated neurons, or neurons depolarized for 1, 2, Ϫ77 and Ϫ74 or Ϫ63 and Ϫ60 had no effect. These data or 3 hr, suggesting that depolarization does not directly identify a 10 bp calcium-response element spanning the regulate protein binding to CaRE1 or the nuclear localsequence between nucleotides Ϫ73 and Ϫ64 in BDNF ization of the CaRE1 binding protein ( Figure 3B ). The promoter III that we have named calcium response elebinding of this protein(s) to CaRE1 was specific, as forment 1 (CaRE1). The CaRE1 sequence is conserved in mation of the complex was competed by the addition the rat, human, and mouse BDNF genes. A search of of an excess of an unlabeled DNA fragment with the the TRANSFAC database (http://www.cbil.upenn.edu/ wild-type CaRE1 sequence, but not by the addition of tess/index.html) revealed that the sequence of CaRE1 unlabeled fragments in which the CaRE1 element was (5Ј-CTATTTCGAG-3Ј) does not match the binding site mutated to sequences that do not support a calcium sequence for any known transcription factor, suggesting response in the context of the BDNF pIII(170)Luc rethat this element may bind to a novel transcription porter (from Figure 2A ). This correlation between the factor(s).
binding of the nuclear factor to CaRE1 sequences and Mutagenesis of the region between CaRE1 and the the ability of these sequences to support calcium induc-CRE-like sequence in BDNF promoter III has revealed tion of the BDNF pIII(170)Luc reporter suggests that the the presence of a third CaRE, which we have termed nuclear protein(s) that binds to CaRE1 is the endogeCaRE2 (W.G. Chen et al., submitted). Figure 2B shows nous protein(s) that regulates calcium-dependent trana diagram of the position of these three CaREs with scription through CaRE1 in membrane-depolarized respect to each other and the BDNF exon III transcripneurons. tional initiation site.
Because the sequence of CaRE1 does not resemble Having found that CaRE1 is necessary for membrane a known transcription factor binding site, we used a depolarization-mediated induction of BDNF promoter yeast one-hybrid screen to clone CaRE1 binding pro-III, we next sought to determine if this element is suffiteins. Three independent clones were isolated from the cient to mediate a transcriptional response to membrane screen; however, extracts from only one of these clones depolarization. To measure the activity of CaRE1, we contained a protein that specifically bound CaRE1 by isolated it from other elements in BDNF promoter III. EMSA ( Figure 3C ). Sequencing of this clone revealed Three copies of the CaRE1 sequence were cloned into that it is a novel protein that we have named CaRF for the pGL3 vector immediately 5Ј to a minimal promoter calcium response factor ( Figure 3D ). Human, murine, driving expression of the firefly luciferase gene. Membovine, and porcine ESTs with homology to this sebrane depolarization of neurons transfected with this quence have been deposited in GenBank; however, we construct led to a significant induction of luciferase exidentified no homologs in Drosophila or C. elegans. The pression ( Figure 2C ; p Ͻ 0.0001). In addition to demonhuman CaRF cDNA is 3.1 kb and codes for a protein of strating that the CaRE1 element is sufficient to mediate a transcriptional response to membrane depolarization 725 amino acids. The mouse sequence was obtained by hybridization of a human CaRF probe to a P0 mouse of chromosome 2q33. Multiple splice variants of CaRF were identified by RACE, RT-PCR, and database brain lambda phage library, and is 71% identical overall (80% conserved). A fragment of CaRF encoding amino searches, including two C-terminally truncated forms of CaRF that use alternative polyadenylation sites within acids 144-725 was recovered from the yeast one-hybrid screen. RACE was used to identify the 5Ј and 3Ј ends introns ( Figure 3D ). Extensive analysis of the CaRF sequence has shown of both the mouse and human clones. The 5Ј end of each clone contains multiple stop codons in all three frames that it has no significant homology to any known proteins in the GenBank database and no domains that would upstream of the triplet codon that encodes the first methionine, suggesting that we have identified the 5Ј end of the identify it as a member of a family of transcription factors. However, consistent with its role as a putative tranCaRF coding sequence. In addition, the start methionine of the CaRF cDNA lies within a Kozak consensus sescriptional regulator of BDNF exon III expression, the CaRF sequence contains a predicted nuclear localizaquence. Alignment with the Celera and NIH human genome databases revealed that the CaRF coding setion signal (NLS; Figure 3D ), two glutamine-rich helices which are found in many transcriptional activators (Triequence is composed of 14 exons spanning about 50 kb Figure 3C ). This correlation between the binding of CaRF to CaRE1 sequences and the ability of these sequences to support calcium-dependent transcription from BDNF pIII(170)Luc suggests that CaRF is identical or closely related to the protein from neuronal nuclear extracts that binds CaRE1 and contributes to the regulation of BDNF exon III transcription.
To further test the possibility that CaRF is the CaRE1 binding protein in neuronal nuclear extracts, we raised antibodies against recombinant CaRF and asked if the antibodies could alter the CaRE1-neuronal nuclear protein complex seen by EMSA. Preincubation of neuronal nuclear extracts with the anti-CaRF serum blocked formation of the CaRE1 complex ( Figure 4A ). By contrast, incubation with preimmune serum from the same rabbit had no effect, and addition of the antibodies to the CaRE1 fragment in the absence of added nuclear extract had no effect on the CaRE1 fragment. These data indicate that the endogenous CaRE1 binding protein from neuronal nuclear extracts is either CaRF or a protein immunologically related to CaRF.
Using the antibodies raised against recombinant human CaRF, we further assessed the subcellular localization of endogenous CaRF in rat neurons. These antibodies recognize recombinant human CaRF by Western blot analysis, though rather than the predicted molecular weight of 80 kDa, the protein migrates at 96 kDa when synthesized by in vitro transcription and translation or when overexpressed in HEK-293T cells ( Figures 4B, 4C , and 6C). As predicted from the rodent amino acid sequence, rat CaRF is slightly smaller (94 kDa) than the Figure 6A ). By contrast, deletion of the C-terminal 126 amino acids had no effect on DNA binding. All truncated staining was seen when cells were incubated with preimmune serum from the same rabbit (data not shown).
constructs and the wild-type CaRF protein were expressed at similar levels as judged by Western analysis Finally, Western analysis of nuclear extracts made from rat brain revealed that CaRF is expressed in nuclei (data not shown). These data suggest that the DNA bind- we investigated the possibility that the calcium and neuWe next asked if the transcriptional activity of CaRF is regulated in a calcium-and neuron-selective manner, ral selectivity of BDNF promoter III might be mediated by CaRF. To first determine in neurons if CaRF activity consistent with the neuron-selective calcium activation of BDNF exon III transcription. We found that elevation is regulated by calcium influx into neurons, we isolated the C-terminal half of CaRF, containing the transcriptional of cAMP is not sufficient to drive Gal4 CaRF activity in neurons, although this stimulus activates the transcripactivation domain, by tethering it to the DNA binding domain of Gal4. This fusion protein was cotransfected into tional activity of a Gal4CREB fusion protein ( Figure 7B ). This result demonstrates that elevation of cAMP is not neurons along with a reporter gene containing firefly luciferase gene under control of a minimal promoter ensufficient to drive CaRF activation, but since calcium influx can lead to activation of protein kinase A (PKA) hanced by tandem copies of the Gal4 UAS element. When transfected neurons were membrane depolarized, through the action of calcium-sensitive adenylate cyclases, we also asked if PKA is required for the regulaGal4 CaRF drove a significant increase in luciferase expression ( Figure 7A, p Ͻ 0.0001) . This increase was tion of CaRF in response to membrane depolarization. Inhibition of PKA during membrane depolarization sigblocked when the neurons were depolarized in the presence of the L-VSCC blocker Nimodipine, indicating that nificantly depressed the induction of Gal4CREB activity, but had no effect on the induction of Gal4CaRF-dependepolarization-induced calcium entry through L-VSCCs is required for CaRF activation. No increase in luciferase dent transcription ( Figure 7C ). These data indicate that, unlike the situation for CREB, the calcium-dependent expression was seen in response to membrane depolarization when only the Gal4 DNA binding domain was activation of CaRF is independent of the activation of PKA. Finally, to ask if the activity of CaRF is regulated expressed with the UAS-luciferase reporter, indicating that the transcriptional activation domain of CaRF was in a neuron-selective manner, we studied the transcriptional activity of Gal4CaRF in PC12 cells. In support of required for the induction of luciferase expression. These data suggest that the transcriptional activity of selectivity, we found that Gal4CaRF is not activated by membrane depolarization of PC12 cells although this CaRF is induced in response to calcium influx in neurons, consistent with the hypothesis that CaRF drives stimulus robustly activates Gal4CREB-dependent transcription ( Figure 7D ). the calcium-dependent regulation of BDNF. 
Experimental Procedures
Yeast One-Hybrid Screen The yeast one-hybrid screen for CaRE1 interaction proteins was Plasmids BDNF pIII(170)Luc, EF-␤-gal, pSG424 (Gal4only), Gal4CREB, and carried out using the Matchmaker Yeast one-hybrid system (Clontech). Eight repeats of the CaRE1 sequence (from nucleotides Ϫ79 Gal4-UAS-Luc were described previously (Abdollah et al., 1997; Sheng et al., 1991; Tao et al., 1998). We generated 2 bp substitutions to Ϫ58) were cloned upstream of the HIS3 gene and four copies were cloned upstream of LacZ. These plasmids were integrated to of BDNF pIII(170)Luc by PCR with a 5Ј oligo containing two random bases at 2 bp intervals from nucleotides Ϫ77 to Ϫ60 in promoter generate a yeast reporter strain, and the strain was transfected with a human fetal brain library containing 3.5 ϫ 10 6 independent clones III. CaRE1-Luc has three copies of the BDNF promoter III sequence from Ϫ79 to Ϫ58 upstream of the SV40 minimal promoter in the fused to the transcriptional activation domain of the yeast Gal4 protein (Clontech). Colonies that grew on minimal medium lacking vector pGL3 (Promega). CRE-Luc is from Stratagene and TK-pRL is from Promega. CaRF and its deletion mutants were cloned into histidine were lifted on filters and screened for ␤-gal expression.
